Abstract Biosynthesis of 3-hydroxypropionic acid (3-HP) typically involves two sequential reactions catalyzed by glycerol dehydratase (DhaB) and aldehyde dehydrogenase (AldH). Although plasmid-dependent over-expression of the two enzymes is common, systematic investigation of gene arrangement in vector has not been reported. Here we show that gene arrangements have a noticeable influence on 3-HP production. Using Klebsiella pneumoniae as a host, three AldH-coding genes: ald4 from Saccharomyces cerevisiae, aldh from Escherichia coli, and puuC from host K. pneumoniae, were respectively ligated to dhaB. The recombinant Kp/pET-pk-ald4-dhaB (Kp refers to as K. pneumoniae, pk is a native promoter) produced the highest yield of 3-HP in comparison to both Kp/pET-pkdhaB-ald4 and Kp/pET-pk-dhaB-pk-ald4, suggesting that the preferential expression of AldH can increase 3-HP production. Additionally, when different AldH-coding genes were respectively ligated downstream of dhaB, the recombinant Kp/pET-pk-dhaB-puuC produced more 3-HP than that by Kp/pET-pk-dhaB-aldh or Kp/pET-pk-dhaBald4, implying the intrinsic compatibility of native gene puuC with its host. These findings indicate the applicability of native AldH-coding gene and provide insights into strategies for metabolic engineering of multiple genes.
Introduction
The depletion of petro-resource and deterioration of the environment has made it imperative to look for alternative means of producing chemicals. Recently, microbial fermentation instead of chemical synthesis is widely used to generate chemicals. 3-Hydroxypropionic acid (3-HP) ranks the third among the 12 top-value platform chemicals proposed by United States Department of Energy [11, 21] . 3-HP can be readily converted into a panel of economically important compounds, such as 1,3-propanediol (1,3-PDO), acrylic acid, and acrylamide [11, 18] . In addition, 3-HP is a potential nematicide [16] , or the monomer of poly-3-hydroxypropionic acid that has advantages over poly-bhydroxybutyrate (PHB) in several physical properties such as tensile strength and elongation at break [1, 2] . To develop a low-cost 3-HP bioprocess, most research groups in the world use glycerol as carbon source because it is the main by-product of the flourishing biodiesel industries. However, the current 3-HP yield is too low to be commercialized.
Among the diverse groups of 3-HP-producing bacteria, Klebsiella pneumoniae is a competitive host mainly because of its powerful capacity to metabolize glycerol. One convincing evidence comes from a recent report showing that nearly 50 g/L of 1,3-PDO was achieved by scale-up fermentation [10] . Since 3-HP and 1,3-PDO are parallel metabolites derived from glycerol, 3-HP could be abundantly produced. In K. pneumoniae, glycerol flux is spilt into two branches: oxidation and reduction [19] . In oxidation pathway, glycerol dehydrogenase converts glycerol to dihydroxyacetone (DHA) (the activator of dha regulon), which is then converted to hydroxypyruvate phosphate by dihydroxyacetone kinase, and enters glycolytic pathway to provide energy for cell growth. In reductive pathway, glycerol dehydratase (GDHt, encoded by dhaB) catalyzes glycerol to 3-hydroxypropionaldehyde (3-HPA), which is subsequently converted into 1,3-PDO and 3-HP by 1,3-propanediol oxidoreductase (PDOR) and ALDH, respectively [4, 7, 8, 17] .
The parallel oxidation/reduction pathways were designated as dha regulon. Under anaerobic or micro-aerobic conditions, K. pneumoniae can generate 1,3-PDO using glycerol as sole carbon source [8, 12] . Recent work reported a native AldH in K. pneumoniae named PuuC, can convert 3-HPA to 3-HP [3] . Because of the low activities of most AldHs identified so far, plasmid-dependent overexpression remains the predominant strategy for diverting carbon flux towards 3-HP. Park and his coworkers reported that 38.7 g/L of 3-HP was produced through over-expression of dhaB and aldh in E. coli [14] . Recently, another research group from China reported pronounced concentration of both 3-HP and 1,3-PDO generated by only expressing aldh [10] .
Despite tremendous efforts to increase 3-HP production, merely 40 g/L concentration has been achieved so far. Therefore, it appears that uncovered bottlenecks exist, which highly limits 3-HP production [14] . For instance, the catalytic imbalance between GDHt and AldH may restrict 3-HP biosynthesis. To address this problem, vectors that express two enzyme genes should be used. In wild-type bacteria, function-related genes usually aggregate (socalled gene cluster) and are transcribed from a shared promoter, and prokaryotic expression of neighboring genes usually adopts head-to-tail tandem mode. By doing so, the gene adjacent to promoter is usually more expressed than that far away from it. Given the different activities of GDHt and AldH, gene arrangement in the vector may affect 3-HP yield.
Despite 3-HP biosynthesis has been fueled recently, much less is known about vector construction which may be really critical for 3-HP production. For this reason, we constructed a panel of vectors, where the two enzyme genes were arranged in different order to investigate their positional effect on 3-HP biosynthesis. Meanwhile, three AldH-coding genes from distinct microorganisms were ligated downstream of dhaB to determine which AldH is most appropriate for 3-HP production.
Materials and Methods

Strains, Plasmids and Cultivation Conditions
Escherichia coli DH5a, K. pneumoniae DSM 2026 and Saccharomyces cerevisiae (baker's yeast) were purchased from DSMZ GmbH, Germany. The vector pET-28a (Novagen, Beijing) was used in this study with minor modification. The original T7 promoter was replaced by a native dhaB1 gene's promoter named pk. The nucleotide sequence of pk promoter is from the termination codon of previous gene of dhaB1 to the initiation codon of dhaB1, the first subunit of dhaB gene cluster (GenBank U30903). The resulting vector is designated as pET-pk. E. coli was grown in Luria-Bertani (LB) medium. S. cerevisiae was grown in Yeast Extract Peptone Dextrose medium (g Á L O, 1.88 g; and 40 mL of concentrated HCl. The recombinant was inoculated into 25 mL medium containing 50 lg/mL kanamycin in a 50 mL Erlenmeyer flask and microaerobically grown at 37°C with shaking at 130 rpm. The microaerobic condition was maintained by using a foam stopper.
Reagents
Taq DNA polymerase and restriction enzymes were purchased from TaKaRa (Dalian, China). 3-HP was purchased from Tokyo Chemical Industry (TCI) Co. Ltd. (Tokyo, Japan). Other standard chemicals were products of Sigma. DNA synthesis and sequencing were performed by Beijing Sunbiotech Co. Ltd., China.
Construction of the Recombinants
Three representative AldHs were chosen to evaluate their activities for catalyzing 3-HPA to 3-HP. Tandem coexpression strategy was used to construct expression vector because spatial proximity may benefit continuous catalysis [5] . Three AldH-coding genes puuC, aldh(AAC74382) and ald4(NM_001183794) were PCR amplified from the genomic DNA of K. pneumoniae, E. coli, and S. cerevisiae (baker's yeast), respectively. PCR parameters are below: 94°C, 3 min; 94°C, 50 s; 55°C, 50 s; 72°C, 1 min; 30 cycles; 72°C, 5 min; 16°C holding. All other molecular manipulations followed standard protocols [15] .
Strains and plasmids were described in Table 1 . Primers and restriction enzymes were listed in Table 2 . The recombinant plasmids were transformed into K. pneumoniae, and the positive recombinants were screened by LB kanamycin plate and further identified by sequencing.
Flask Cultivation
The recombinants were grown in LB medium containing the following ingredients per liter: yeast extract 5 g, NaCl 10 g, peptone 10 g, and kanamycin 50 mg. 1 % of overnighted culture was inoculated to the medium containing the same concentration of antibiotics. Microaerobic environment was achieved by using 250 mL Erlenmeyer flask with 100 mL medium and shaking at 150 rpm, 37°C.
Analytical Method
To examine gene expression, the recombinants were firstly grown in fermentation medium and then the cells were centrifuged at 10000 rpm for 10 min and incubated at 100°C for 10 min. 10 lL samples were analyzed by 
12 % (v/w) polyacrylamide gel electrophoresis (PAGE). Mini-Protein III Electrophoresis System (Bio-Rad, USA) was used to perform this experiment. Coomassie Brilliant Blue R-250 (0.2 %, w/v) was used to stain proteins on the gel and the concentration of proteins was measured by Bradford method with bovine serum albumin (BSA) as standard. Cell concentrations were measured by using Microplate reader at 600 nm with 200 lL fermentation medium added in the cuvette. The metabolite 3-HP was determined by a high performance liquid chromatography (HPLC) system (Shimazu, Kyoto, Japan) equipped with a C18 column and a SPD-20A UV detector. The residual glycerol concentration was monitored every 3 h by a titration method with NaIO 4 (for control of glycerol). The mobile phase was 95 % H 2 O, 5 % methanol and 0.05 % phosphoric acid at the flow rate of 0.8 mL/min. All samples were filtered through 0.22-lm membrane filter.
Result and Discussion
Characterization of Recombinant Strains
All recombinants were analyzed by restriction digestion and further confirmed by sequencing. The recombinants were added into fermentation medium and cultured for 12 h. The optical density at 600 nm (OD 600 ) was monitored to ensure the same concentration of samples for SDS-PAGE analysis. The molecular weight of ALDH (from E. coli) and PuuC were *55 kDa, while ALD4 was a slightly larger. Since sufficient glycerol (40 g/L) as a substrate was added into fermentation medium, all three subunits of dhaB in wild type K. pneumoniae (KP1ST) were highly expressed and visible on the PAGE gel. On the contrary, the PuuC bands in two control strains were too light to be observed.
Different Gene Arrangements on 3-HP Production
Even though pk is not as strong as T7 promoter, it is powerful enough to drive gene expression because it is the native promoter of dhaB and thereby compatible with the elements of the transcription machinery in K. pneumoniae. Thus we used native promoter pk to construct the coexpression vectors. From the engineered strains, AB1-2-1(Kp/pET-pk-ald4-dhaB) produced the highest 3-HP yield (Fig. 1a) , whereas the 3-HP production in Pba (Kp/pETpk-dhaB-ald4) and Pbpa (Kp/pET-pk-dhaB-pk-ald4) was lower than that produced by two control strains, indicating that different gene arrangements in the expression vector KP1ST, wild-type K. pneumoniae; PET-PK, K. pneumoniae harboring blank vector pET-pk, pk is native promoter; AB1-2-1, K. pneumoniae harboring pET-pk-ald4-dhaB; Pba, K. pneumoniae harboring pET-pk-dhaB-ald4; Pbpa, K. pneumoniae harboring pET-pk-dhaB-pk-ald4
Indian J Microbiol (Oct-Dec 2013) 53(4):418-424 421 greatly affect 3-HP production. This result may be ascribed to 3-HPA, an intermediary metabolite toxic to host and therefore unfavorable to cell growth [17] . Compared with Kp/pET-pk-dhaB-ald4, Kp/pET-pk-ald4-dhaB produced more 3-HP because ald4 was preferentially expressed, and the enzyme ALD4 could convert 3-HPA to 3-HP immediately once 3-HPA was generated. In another words, such a tandem gene arrangement avoided the build-up of 3-HPA. Consistent with this deduction, Kp/pET-pk-ald4-dhaB in fact consumed more glycerol than Kp/pET-pkdhaB-ald4 (Pba), because ald4 was preferentially expressed and no excessive 3-HPA accumulated, thereby facilitating cell growth (Fig. 1c) . As predicted, this strain grew more vigorously than Pba (Kp/pET-pk-dhaB-ald4) and Pbpa (Kp/pET-pk-dhaB-pk-ald4) (Fig. 1b) , which can also be explained by the less accumulation of 3-HPA. For strain Pbpa (Kp/pET-pk-dhaB-pk-ald4), the gene dhaB and aldh were respectively driven by promoter pk. The 3-HP, residual glycerol and biomass in this strain were nearly equal to that in Pba (Kp/pET-pk-dhaB-ald4), except little difference of 3-HP during late phase of fermentation. All together, the coordinated expression of two enzyme genes was revealed to be critical for 3-HP production and glycerol consumption.
Production of 3-HP by Recombinants Harboring Distinct AldHs Downstream of GDHt
Three AldH-coding genes puuC, aldh, and ald4 were respectively ligated downstream of dhaB and transformed into K. pneumoniae. The recombinant Kp/pET-pk-dhaBpuuC produced the highest level of 3-HP, followed by Kp/ pET-pk-dhaB-aldh and Kp/pET-pk-dhaB-ald4 (Fig. 2a) . This result revealed the differential activities of three AldHs, which may be partially attributed to codon bias [9, 20] . As shown in Table 1 , the native gene puuC was cloned from K. pneumoniae [3] , whose nucleic acid sequence is similar to aldh from E. coli. Both puuC and aldh genes are from Gram negative bacteria. By contrast, aldh4 gene is from S. cerevisiae, a fungus genetically distant from bacteria. Thus, 3-HP yield may significantly depend upon the homogeneity between K. pneumoniae and the donor of AldH. For example, the recombinant Kp/pET-pk-dhaBpuuC generated the most 3-HP among three recombinants, because puuC is a native gene and should be compatible with the transcription machinery of K. pneumoniae. Compared with two control strains, three recombinants grew poorly (Fig. 2b) . There might be two reasons: (i) metabolic burden imposed on host due to plasmid replication; (ii) catalytic imbalance between two key enzymes which resulted in 3-HPA accumulation, cell death or slow growth. The glycerol consumption of three recombinants was roughly in accord with 3-HP titer (Fig. 2b, c) with the PET-PK, K. pneumoniae harboring empty vector pET-pk, pk is native promoter; AB1-2-1, K. pneumoniae harboring pET-pk-ald4-dhaB; Pba, K. pneumoniae harboring pET-pk-dhaB-ald4; Pbpa, K. pneumoniae harboring pET-pk-dhaB-pk-ald4 exception of two control strains, whereby the consumed glycerol was mainly converted into biomass. The aldh gene from E. coli was verified to be more efficient than other homologous genes for producing 3-HP in K. pneumoniae [10] . Here we showed puuC gene from K. pneumoniae was more effective than other AldH-coding genes. This result does not contradict the former one because we focused on the coexpression of two genes instead of only expression of AldH. When ligated downstream of dhaB, AldH-coding gene may be partially influenced by dhaB.
From above results, the activity of AldH for 3-HP production may be more important than its expression level. For example, when puuC was overexpressed in E. coli based on high copy plasmid, only a trace of 3-HP could be detected (nearly equal to that in wild type strain, data not shown). Hence, the catalytic activity of PuuC may be significantly affected by codon bias and proper folding of the protein. Furthermore, this result pinpointed the drawback of high copy vector which usually results in the metabolic burden on cell growth due to plasmid replication, and the imbalance of the cofactors. Therefore, a midor low copy vector may be ideal for 3-HP production.
Productivity of Strains and Feedback Inhibition
To determine the efficiency of strains for producing 3-HP, we calculated the productivity (g/L/h). As shown in Fig. 3 , productivity varied among strains. Despite the fluctuation during fermentation, the strain Kp/pET-pk-dhaB-puuc exhibited higher productivity than Kp/pET-pk-dhaB-aldh and Kp/pET-pk-dhaB-ald4, implying that the AldH-coding gene when ligated downstream of dhaB diversifies 3-HP yield. For strains harboring enzyme genes in different order, Kp/pET-pk-ald4-dhaB (AB1-2-1) showed higher efficiency than Kp/pET-pk-dhaB-ald4 (Pba) and Kp/pETpk-dhaB-pk-aldh4 (Pbpa), indicating that the different gene arrangements affect 3-HP formation.
One noticeable phenomenon was feedback inhibition during late phase of fermentation, which may be ascribed to the rigidity and plasticity of dha regulon. On one hand, GDHt is a multi-subunit enzyme tailor-made for conversion of glycerol to 3-HPA, an irreversible step to guarantee the rigidity of dha regulon. On the other hand, 3-HPA is catalyzed into 3-HP or 1,3-PDO by AldH and PDOR respectively, the two reversible reactions which are recognized as a buffer mechanism evolved to cope with stimuli.
Conclusion
Collectively, we show here the prominent influence of gene arrangements on 3-HP production. Coordinated expression of two key enzymes is revealed to be critical for production of 3-HP. Owing to the lower activity of AldH (compared with GDHt) and the toxicity of intermediary metabolite 3-HPA to the host, preferential expression of AldH-coding genes (ald4, aldh or puuC) would divert more carbon flux towards 3-HP. In addition, we compared three AldH-coding genes for their capacity to produce 3-HP when ligated downstream of dhaB. The native gene puuC was shown to be most efficient in conversion of 3-HPA to 3-HP. Apart from enzymatic activity, the intrinsic compatibility of puuC to K. pneumoniae is also a key factor for 3-HP biosynthesis. Given the evolving nature of ALDH family [10, 13] , upcoming work may be the determination of efficient enzymes and engineering of their spatial organization [5, 6] . Collectively, this study has provided keys for better understanding of metabolic engineering which involves multiple enzyme genes. KP1ST PET-PK AB1-2-1 Pba Pbpa Pb-aldh Pb-puuc Fig. 3 3-HP productivities of the recombinants. KP1ST, wild-type K. pneumoniae; PET-PK, K. pneumoniae harboring blank vector pETpk; Pb-aldh, K. pneumoniae harboring pET-pk-dhaB-aldh; Pb-puuc, K. pneumoniae harboring pET-pk-dhaB-puuC; Pba, K. pneumoniae harboring pET-pk-dhaB-ald4; AB1-2-1, K. pneumoniae harboring pET-pk-ald4-dhaB; Pbpa, K. pneumoniae harboring pET-pk-dhaBpk-aldh4
